The pathophysiology of schizophrenia may involve perturbations of synaptic organization during development. The presence of cytoarchitectural abnormalities that may reflect such perturbations in the brains of patients with this disorder has been well-documented. Yet the mechanistic basis for these features of the disorder is still unknown. We hypothesized that altered regulation of the neuronal growth-associated protein GAP-43, a membrane phosphoprotein found at high levels in the developing brain, may play a role in the alterations in brain structure and function observed in schizophrenia. In the mature human brain, GAP-43 remains enriched primarily in association cortices and in the hippocampus, and it has been suggested that this protein marks circuits involved in the acquisition, processing, and͞or storage of new information. Because these processes are known to be altered in schizophrenia, we proposed that GAP-43 levels might be altered in this disorder. Quantitative immunoblots revealed that the expression of GAP-43 is increased preferentially in the visual association and frontal cortices of schizophrenic patients, and that these changes are not present in other neuropsychiatric conditions requiring similar treatments. Examination of the levels of additional markers in the brain revealed that the levels of the synaptic vesicle protein synaptophysin are reduced in the same areas, but that the abundance of the astrocytic marker of neurodegeneration, the glial fibrillary acidic protein, is unchanged. In situ hybridization histochemistry was used to show that the laminar pattern of GAP-43 expression appears unaltered in schizophrenia. We propose that schizophrenia is associated with a perturbed organization of synaptic connections in distinct cortical associative areas of the human brain, and that increased levels of GAP-43 are one manifestation of this dysfunctional organization.
Structural anomalies are present in the brains of patients with schizophrenia. In vivo neuroimaging techniques have demonstrated a significant ventricular enlargement and decrease in cortical mass that seem to be unrelated to the treatment of the disorder (1) . Postmortem analyses of schizophrenic patients also show a reduction in the total brain volume, particularly in the cerebral cortex (2) . Fine structural neuropathology also has been detected in the frontal and temporal lobes of schizophrenics (reviewed in refs. 3 and 4) . Careful microscopic evaluation has revealed specific neuronal loss in the cingulate cortex (5-7), hippocampal formation, entorhinal cortex, and parahippocampal gyrus (8, 9) , demonstrating for the first time the presence of cytoarchitectural aberrations in schizophrenia. The reduction in numbers of neuronal cells was not accompanied by reactive gliosis, as would have been expected for a neurodegenerative lesion occurring in adulthood. Although the cause of the specific cell loss remains unknown, the idea of schizophrenia as a neurodevelopmental disorder is an attractive hypothesis (3, 4, (10) (11) (12) (13) (14) (15) (16) (17) .
The presence of cytoarchitectural abnormalities in schizophrenia has been well-documented, but the underlying mechanisms causing these features of the disorder remain unclear. In a search for molecular correlates of the alterations in brain structure and function observed in schizophrenia, we focused on the neuronal protein GAP-43, a membrane phosphoprotein implicated in the initial establishment and reorganization of synaptic connections (for review, see refs. 18 and 19) . Developing neurons express high levels of GAP-43 during axonal growth and synaptogenesis. Although in most neurons GAP-43 levels decline sharply once synaptic connections mature (20) , synapses in the limbic system and in the neocortex maintain high levels of this protein throughout life. In the adult human brain, GAP-43 is enriched primarily in association cortices and in the hippocampus (21) (22) (23) . The restricted localization of this protein to higher integrative regions suggests that it may play a role in specialized functions of these areas such as processing and storage of multimodal information. In fact, gradients of this protein in the primate visual system peak in visual memory storage areas (24) , and changes in its state of phosphorylation are associated with synaptic plasticity in mature neurons (25, 26) . Given the biological properties of GAP-43 and its selective localization in associative areas of the brain, it has been suggested that this protein marks circuits involved in the acquisition, processing, and͞or storage of new information. Since these processes are known to be altered in schizophrenia, we proposed that GAP-43 levels might be altered in this disorder.
We used quantitative Western blots to determine the levels of GAP-43 protein in primary sensory and association cortices of brains from patients with schizophrenia. Our results indicate that GAP-43 gene expression is selectively increased in the visual association and frontal cortices of schizophrenic brains, and that these changes are not present in other neuropsychiatric conditions requiring similar treatments. Comparative analysis of other markers revealed that the levels of the synaptic vesicle protein synaptophysin are reduced in the same areas, but that the abundance of the astrocytic marker of neurodegeneration, the glial fibrillary acidic protein (GFAP), is unchanged. In light of these observations, we propose that schizophrenia is associated with a perturbed organization of synaptic connections in distinct cortical associative areas of the human brain.
MATERIALS AND METHODS
Postmortem Tissues. Brain tissue specimens from the primary visual cortex [Brodmann's area 17 (A17)], the visual association cortex (A20), and the frontal pole (A9 and A10) were obtained from the Brain Tissue Resource Center at the McLean Hospital (Belmont, MA) (see Table 1 ). Specimens were dissected from the right hemisphere under the supervision of one of the authors (E.D.B.). All tissues examined were determined to be free of any known pathology upon standard neuropathological examination. The diagnosis of schizophrenia was made by examining antemortem clinical records and applying the criteria of Feighner et al. (27) . These rigorous criteria exclude patients with related disorders such as bipolar depression. All cases used in these studies were classified as chronic undifferentiated schizophrenia. Control patients had no detected antemortem neurological or psychiatric disease or any other chronic disorder and were selected to match as closely as possible the sex, age, and brain areas of patients in the schizophrenic group. Both groups consisted of male subjects with ages ranging from 23-72 years, and with postmortem intervals (PMI) less than 48 h. To control for the effects of medication, postmortem brain tissues from medicated patients with other neuropsychiatric disorders were included in our analysis (Table 1 , see ''Other'' group). As shown in Table 2 , there were no significant differences in the age and PMI for the three groups examined in the four areas analyzed. For those patients in whom area 20 was examined, the PMI of the control group tended to be shorter than that of the schizophrenic group, but the differences were not statistically significant (P Ͻ 0.1). Furthermore, our finding that GAP-43 protein levels in postmortem tissues are not affected within PMIs of less than 48 h (28) indicates that the PMI is not a major confounding variable in the population examined (Table 1) . Twenty-two percent of schizophrenic patients died of suicide, in contrast to the 11% of controls and 14% of the ''other'' group. The increase in suicide rate is characteristic of schizophrenic patients who die relatively young (Ͻ45 years; refs. 29 and 30) , and reflects our selection of the most severe cases for the analysis.
Tissue Preparation. For each experiment, tissues from schizophrenic and control brains were processed in parallel using codified numbers to conceal the nature of the diagnosis during the analysis. Synaptosomal plasma membrane (SPM) fractions were isolated from human brain specimens as described by PerroneBizzozero et al. (31) . Briefly, tissue was homogenized in 0.32 M sucrose͞50 mM Tris⅐HCl, pH 7.4͞0.1 mM phenylmethylsulfonyl fluoride in a glass-Teflon homogenizer and fractionated by sucrose gradient centrifugation. SPMs were resuspended in buffer containing 10 mM Tris⅐HCl, pH 7.4͞5 mM EGTA, pH 7.4͞5 mM MgCl 2 , and protein concentration was determined by the Coomassie blue method (32) using BSA as a standard. Samples were stored at Ϫ80ЊC at a concentration of 1 mg͞ml. All subjects were male. Medications are Hal, haloperidol; Ph, phenothiazines; and Li, lithium. S, schizophrenic; C, control; O, other (nonschizophrenic, neuroleptic-treated patients); de, dementia; bp, bipolar depression; hd, Huntington disease; ud, unipolar depression; and pd, Parkinson disease. Western Blot Analyses. Levels of GAP-43 and other neural proteins present in SPM fractions were determined by a quantitative Western blot method (see Fig. 1 A) . Briefly, samples containing 10 g of protein were solubilized in SDS-sample buffer and proteins were separated on 10% (wt͞vol) polyacrylamide gels (33) . Proteins were then transferred from the gel to membranes (Immobilon-P, Millipore) using a semidry transfer apparatus (Bio-Rad) as described by Towbin et al. (34) . To control for variations in protein loading, blots were stained with 0.1% (wt͞vol) Coomassie brilliant blue in 50% (vol͞vol) methanol and 10% (vol͞vol) acetic acid for 15 min, and then air-dried and scanned for densitometry using a Foto͞Analyst image analysis system with COLLAGE software (Fotodyne, New Berlin, WI).
For immunodetection of specific antigens, membranes were incubated in blocking buffer containing 150 mM NaCl͞20 mM Tris⅐HCl, pH 7.4͞0.5% (vol͞vol) Tween 20͞10% (wt͞vol) nonfat milk for 1 h at room temperature. For GAP-43 detection following this step, a GAP-43 polyclonal antibody was added at a 1:3000 dilution and the membrane incubated overnight at 4ЊC as described by Benowitz et al. (23, 35) . For synaptophysin and GFAP protein detection, polyclonal antibodies (Dako) were added to blocking buffer at a 1:5000 dilution for each protein. For tubulin detection, monoclonal antibodies (Sigma) were used at a 1:5000 dilution. The blots were washed three times in blocking buffer and incubated for 1 h in the presence of the appropriate secondary antibody conjugated to horseradish peroxidase (Southern Biotechnology Associates). Blots were then exposed to enhanced chemiluminescence reagents (Amersham) for 1 min and exposed to x-ray film until the appropriate band density was obtained. Autoradiograms were air-dried and scanned for densitometry as described above. Statistical analysis was performed using the Macintosh (Cupertino, CA) program JMP-IN, which corrected for varying ages and PMI through multivariate regression analysis. The data for the schizophrenic and control groups were compared using a two-tailed Student's t test. When the ''other'' population was included in the analysis, the results for the three different groups were analyzed using a one-way ANOVA.
In Situ Hybridization Histochemistry. Human brain tissues were rapidly dissected from brains matched for age and PMI, frozen rapidly, and stored at Ϫ85ЊC. The brain subregions were cut into sections 12 m thick on a cryostat, after which sections were fixed in buffered 4% paraformaldehyde for 10 min at room temperature, rapidly air-dried, and stored desiccated at Ϫ70ЊC. At the time of use, sections were blocked with 0.1 M glycine, rinsed, and acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine, pH 8.0. Sections were washed in 2ϫ SSC (1ϫ SSC ϭ 0.15 M sodium chloride͞0.015 M sodium citrate, pH 7) and delipidated by treatment with ethanol and chloroform. Sections were then partially rehydrated and incubated overnight at 60ЊC with 10,000 cpm͞l antisense and control sense 35 Slabeled riboprobes (synthesized as described in ref. 22 ) in a solution containing 50% formamide, 10% dextran sulfate, 20ϫ Denhardt's solution, 300 g͞ml sheared salmon sperm DNA, 150 g͞ml tRNA, 2ϫ SSC, and 20 mM 2-mercaptoethanol. Following hybridization, sections were treated with RNase A and were washed with increasing stringency (final stringency 0.1ϫ SSC at 60ЊC). Sections were dried, dipped in a 1:1 dilution of Kodak NTB2 emulsion with water, and developed after 3 weeks. Controls included hybridizations with sense strands. Control brains were processed in parallel with matched schizophrenic brains.
RESULTS
Calibration of the Linear Range of Detection. To assess the specificity and linear range of responses in immunoblots for the antibodies used in this study, we subjected 5, 10, 20, and 35 g of total SPM protein from postmortem human brain to SDS͞ PAGE, transferred the samples to Immobilon, and probed the membranes with antibodies to GAP-43, synaptophysin, tubulin, and GFAP (Fig. 1A) . The GAP-43 antibody specifically reacted with a unique band that migrates at 43 kDa, consistent with the apparent molecular mass of GAP-43 on SDS͞PAGE. Similarly, the antibodies to synaptophysin, tubulin, and GFAP detected protein bands of the appropriate sizes. Densitometric quantitation of the band intensities corresponding to the immunoreactivity of the antibodies showed a linear relationship between signal intensity for each antibody and amount of total protein, within the entire range from 5-35 g of protein loaded. The dose-response curve for the GAP-43 antibody is shown in Fig. 1B .
Analysis of GAP-43 Protein Levels in Schizophrenic and Control Visual Cortex. Having established the linear range for Western blot detection by the antibodies used in this study, we used this method to determine GAP-43 levels in postmortem tissues derived from schizophrenic and control patients (Table 1) . We had determined previously that GAP-43 mRNA and protein levels in control human brains vary strikingly between primary sensory and associative cortices, showing considerably higher levels in associative regions of the cerebral cortex than in other cortical areas (22, 23) . To determine whether this pattern of GAP-43 expression was reproduced in the schizophrenic brain, we compared the levels of GAP-43 protein in A20 (visual association cortex) and A17 (primary visual cortex) of schizophrenic and control brains (Fig. 2) . Analysis of the tissues derived from patients with schizophrenia showed the same relative abundance of GAP-43 in associative visual cortex as was seen in control brains. Unexpectedly, however, we discovered that GAP-43 protein was present in A20 of schizophrenic brain at levels approximately twice those in control brain A20, whereas its levels in A17 relative to controls remained unchanged (Fig. 3) .
Because many schizophrenic patients are treated with antipsychotic drugs, it was important to determine whether administra- tion of these drugs altered the abundance of GAP-43. To evaluate the effect of the medication, GAP-43 levels were also analyzed in nonschizophrenic neurospsychiatric patients (referred to as ''other'' in Table 1 ) who received pharmacological treatment similar to that of the schizophrenic group. GAP-43 levels in the ''other'' group were not significantly different from those in the control group. Thus, in agreement with our previous studies of haloperidol-treated rats (28), the neuroleptic medication had no direct effect on GAP-43 levels.
To evaluate the specificity of this increase in GAP-43 protein in A20 of schizophrenic patients, we determined the protein levels of synaptophysin, GFAP, and tubulin in schizophrenic and control visual cortices (Fig. 4) . Synaptophysin is a synaptic vesicle protein used as a marker of synaptic density in the brain (36, 37) . Levels of this protein were assessed to determine whether the abundance of a synaptic protein distinct from GAP-43 was also affected in schizophrenia. The expression of GFAP was evaluated as an indicator of neurodegeneration. Levels of tubulin, which were not altered in schizophrenia, were used as a control in addition to the Coomassie brilliant blue staining to correct for variations in protein loading in the gels. The results, summarized in Fig. 5 , represent the data obtained from at least three independent trials using quantitative Western blotting as shown in Figs. 2 and 4. Our data indicate that GAP-43 levels are significantly increased in A20 of patients with schizophrenia relative to those of controls. In contrast, levels of synaptophysin are significantly decreased in both A17 and A20 of patients with mental disorders relative to control patients. In agreement with previous studies, we found no increases in GFAP, a marker for neurodegeneration, in the brains of patients with schizophrenia (5, 38) . 
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FIG. 5. GAP-43
, tubulin, synaptophysin, and GFAP levels were determined as described in Figs. 2 and 4 . Shown are the results of at least three independent trials of Western blot analysis. Statistical analysis of the data was performed using a one-way ANOVA. Asterisks indicate significant differences between the schizophrenic and the two control groups (P Ͻ 0.05). For some of the cases, A17 or A20 only was available. Statistical analysis of the seven cases in which we had specimens from both A17 and A20 yielded the same results as those shown, which combined specimens derived from different brains with those from the same brains. (Fig. 6 ). Statistical analysis revealed that levels of GAP-43 were significantly increased in A9 and A10 of schizophrenic relative to control brain, with an approximately 100% increase, similar to that observed in A20. Once again, synaptophysin levels were shown to be decreased in A9 and A10 in schizophrenia, whereas no significant differences in GFAP protein levels were observed in frontal cortex between schizophrenia and control brains (Table 3) . Therefore, although the association areas in the inferior temporal region and prefrontal cortex participate in very different circuitry, both association cortical areas seem to be similarly affected in schizophrenia.
In Situ Hybridization Analysis of the Pattern of Increase of GAP-43 Expression in Association Cortex in Schizophrenia.
To ascertain the cellular distribution of GAP-43 expression in schizophrenic and control brain, we carried out in situ hybridization. Examples of the results obtained for A10 are shown (Fig. 7) . We had reported previously (22) that expression of GAP-43 mRNA in A20 predominated in layer 2 neurons. In contrast, expression of GAP-43 mRNA in A10 (Fig. 7 A-D) is robust not only in layer 2 neurons but in deeper layers as well, although, as in A20, few GAP-43-positive cells are detected in layer 1. On material counterstained with cresyl violet (Fig. 7E) , labeled cells appeared to be neurons. Sections hybridized with sense RNA probes did not display specific hybridization signal (data not shown). A comparison of the in situ hybridization results obtained in A10 from schizophrenic brain (Fig. 7 A and  C) relative to those in A10 from control brain (Fig. 7 B and D) revealed that the increased expression of GAP-43 mRNA, as detected at this gross level, does not appear to result in an altered laminar pattern of expression. We cannot rule out the possibility that subtle alterations detectable only by careful quantitation are not present in the schizophrenic brain.
DISCUSSION
Using quantitative Western blot analysis, we examined the levels of GAP-43, synaptophysin, and GFAP in primary (A17) and associative (A20) visual cortex and in frontal cortex (A9 and A10) of schizophrenic and age-, sex-, and PMI-matched controls. These studies revealed increases in the levels of GAP-43 protein in visual association and frontal cortices of schizophrenic brains. No significant differences in the abundance of GAP-43 protein were found in the primary visual cortex. Given the relationship of GAP-43 expression to the establishment and remodeling of neural connections, our results support the hypothesis that schizophrenia is associated with perturbations of synaptic connections in associative areas of the human brain. The facts that GAP-43 levels were expressed relative to total synaptic protein and that synaptophysin, another synaptic marker, was not increased in these same areas of schizophrenic brain tissues suggest that the perturbation does not consist of a simple increase in synaptic number. Furthermore, our findings that GAP-43 levels were not affected in the brains of other neuropsychiatric populations suggest that these alterations are specific for schizophrenia.
In contrast to that of GAP-43, synaptophysin expression was decreased in all cortical areas examined in schizophrenic brain tissues. These observations are in agreement with recent reports of reduced synaptophysin immunoreactivity in the prefrontal cortex in this disorder (40) . We found, however, that the reduced levels of synaptophysin in primary visual cortex of schizophrenic patients were also seen in the brains of patients with mental disorders other than schizophrenia, and that only the lower levels in A20, A10, and A9 were specific to schizophrenia. Thus, synaptophysin levels were selectively decreased in the same areas in which we observed a significant increase in GAP-43 levels. The increased ratios of GAP-43 over synaptophysin seen in schizophrenia are difficult to interpret. Synaptophysin is an integral membrane protein of the synaptic vesicle that is involved in neurotransmitter release (41) . GAP-43 is located on the intracellular face of the synaptic plasma membrane and also plays a role in neurotransmitter release (42) (43) (44) , perhaps by regulating fusion of synaptic vesicles with the plasma membrane. The alterations in GAP-43 and synaptophysin levels in associative cortical regions in schizophrenia may reflect a functional reorganization of synapses involving alterations in neurotransmitter release, which could cause abnormal processing of neuronal information. Alternatively, given the differential expression of GAP-43 and synaptophysin at different stages during the establishment of synaptic connections (45) , the increase in the levels of GAP-43 together with a concomitant decrease in synaptophysin expression suggests that the affected synapses may be functionally immature. In either case, these synaptic alterations could cause the sensory processing dysfunctions characteristic of schizophrenia.
The levels of GFAP were not changed in the regions of schizophrenic brain that were evaluated, showing that the presumptive synaptic reorganization occurring in these cortical areas is not accompanied by neurodegeneration. The abundance of the cytoskeletal protein tubulin also remained unchanged in schizophrenia, suggesting that the changes in levels of GAP-43 and synaptophysin that we observed are related specifically to molecular mechanisms underlying the pathophysiology of schizophrenia. The results do not appear to be due to the effect of medication, since similar changes were not detected in the brains of haloperidol-treated rats (28) or in individuals with neuropsychiatric diseases distinct from schizophrenia (Fig. 5) .
It has been hypothesized that schizophrenia is a developmental disorder. Supporting this idea, alterations in hippocampal cytoarchitecture and expression of some neurodevelopmental markers have been found in schizophrenia (46) (47) (48) . However, the precise mechanisms underlying these neurodevelopmental changes are far from being understood. Feinberg (10), for example, has suggested that schizophrenia may result from a defect in presumptive synaptic pruning that occurs in cognitive regions of the brain during adolescence. We have shown that GAP-43 levels in the cat visual cortex are correlated with the ''critical'' period (49) . Furthermore, GAP-43 mRNA levels in the primary visual cortex of developing kittens are elevated when the kittens are deprived of light during the critical period of visual cortical plasticity, and exposure of the kittens to light results in a dramatic decrease in GAP-43 within hours (50) . We have inferred from these data that light deprivation defers the normal pruning of synaptic connections that is thought to occur during the critical period of development of the primary visual cortex, and that elevated levels of GAP-43 reflect such a delay in synaptic pruning. Similarly, it is possible that the elevated levels of GAP-43 in associative cortical regions of schizophrenic brain are indicative of defects in synaptic pruning that normally occur during development. Such a scenario would be consistent with the finding of increased numbers of axons in the frontal and cingulate cortices of schizophrenic patients (51).
In conclusion, our results suggest that there is an alteration in the organization of synaptic connections in schizophrenia. The selective localization of these alterations to association neocortex is consistent with the clinical features of this illness. Given that the levels of GAP-43 and synaptophysin gene expression are regulated during brain development, our results support the hypothesis of a developmental anomaly in schizophrenia the effects of which are particularly pronounced in integrative regions of the brain.
